Performance demonstration certification of non-destructive inspection for cast stainless steel (CASS) has been planned but the target flaw depth to be detected has not been determined yet in Japan. The target flaw size is closely connected to the allowable flaw size which is determined by flaw evaluation of the rules on fitness-for-service. However duplex micro-structure of CASS makes low permeability of ultrasonic wave and large flaw size of UT detectability, which might not be acceptable by flaw evaluation. The current JSME rules for fitness-for-service allow only deterministic procedure. For rational mitigation of the acceptable flaw size, application of probabilistic fracture mechanics (PFM) is one of the useful countermeasures. In the paper, benchmark problems for a CASS pipe were proposed with intention applying and verifying PFM codes to CASS pipe's issue. As the fracture modes, fatigue crack extension, plastic collapse and ductile crack initiation were assumed. The PFM analyses were performed in the condition of the combination of crack extension and plastic collapse or ductile fracture to verify the basic functions of the PFM codes. Six organizations participated in the benchmark analysis and failure probabilities from them were compared. As a result the failure probability of each problem by each code showed good agreement and the code for application of CASS issue has been verified. The sensitivity of the failure criterion on the failure probability was discussed.
Introduction
It is well known that cast stainless steel (CASS) pipes are susceptible to thermal aging. Many researches have been involved in this issue and material data have been accumulated (Chopra, et al., 1987 , 1992 , 1994a , 1994b , Sakamoto, et al., 1994 , Michaud, et al., 1994 , Kawaguchi, 1997 , 2005 , Ligneau, et al., 2009 , Faidy, 2010 . Flaw acceptance rules of CASS pipes of the JSME rules on fitness-for-service (JSME ed., 2012) are based on elastic-plastic fracture mechanics method using Z-factor with the conservative assumption of high ferrite number and fully thermal aging condition (Koyama, et al , 1999 and Koyama, 2009 ). CASS has low permeability of ultrasonic wave and low detectability of flaws. As a result detectable flaw size of CASS becomes larger than that of forged stainless steel. Normally a flaw acceptance rule has a safety factor or structural factor. This is a kind of a margin to the actual critical value. If the flaw acceptance rule has large margin, the acceptable flaw size becomes smaller. This will result to difficulty in detection and will force NDI laying burden. United States Nuclear Regulatory Commission (U. S. NRC) . have regarded the low detectability of CASS as important at license renewal, and industry in the US has been promoting preparation of the target flaw size for the performance demonstration (PD) system for accreditation of non-destructive inspectors by organizing EPRI project (EPRI, 2012) . Based on the fruit of this project and additional technical research (EPRI, 2013) , the draft code case of ASME Section XI was proposed and approved as Code Case N-838 in 2015. This code case intends to provide the target flaw size for PD and the acceptable flaw size for license renewal, and does not intend to provide the acceptable flaw size for actually detected flaws. To obtain the flaw tables in the code case, the probabilistic fracture mechanics (PFM) procedure was applied to consider the large material scatter and reasonable evaluation margin (Qian, et al., 2011 , Griesbach, et al., 2013 .
Since 1980's the PFM method has not been only applied to the piping problem (Harris, et al., 1981) but also brittle fracture evaluation of reactor pressure vessels under PTS events in the US and several evaluation reports were published (Cheverton and Ball, 1984, ORNL, 1985) . These works resulted in introducing the PFM analysis to NRC Regulations (10CFR50.61 and Regulator guide 1.154). Recently the updated PFM analysis was used as the technical basis of alternative screening criteria in 10CFR50.61a (NUREG-1806 , 2007 and NUREG-1874 , 2007 . Also, in the US industry ISI incorporating risk information and probabilistic procedure of nuclear power plants have already been applied practically. These have been established as useful methods for improvement of safety and reduction of inspection cost in the US. On the other hand in Japan, as Yoshimura and Kanto (2012) described, researches had noticed the usefulness of the PFM method for nuclear components' integrity at very early period, and they have been promoting the research of PFM by setting a committee in The Japan Welding Engineering Society from 1996. In Japan, there has been no regulatory requirement like USNRC's on application of PFM to assess the integrity of nuclear power components and industry has not applied the PFM method to the practical maintenance or evaluation.
However, as for CASS piping, the same problem mentioned above exists also in Japan, and the PFM method seems a useful method in order to obtain the target flaw size for PD certification. In this paper benchmark analyses were planned to verify the PFM codes which participants in the analyses own. One of the codes, PREFACE will be applied to obtain the target flaw table. Six organizations participated in the benchmark analyses to calculate failure probability of a pipe with a circumferentially part-through flaw by fatigue crack growth and plastic collapse or ductile fracture to confirm the PFM's basic functions of each code. Additionally the sensitivity of the failure criterion on the failure probability was investigated.
Benchmark analyses
In the benchmark analyses FCG, plastic collapse and ductile fracture were assumed as the fracture modes. Fracture probability of leak and failure including ductile crack initiation of each single mode or combined modes of FCG and failure were calculated. To verify the calculation function of the PFM codes for each fracture mode, at first, deterministic analyses were performed. The input or calculation conditions are described below. The conditions not described here were left to the judgement of the participants. Table 1 shows the participants and their own codes. A circumferentially inner part-through wall flaw was assumed as an initial flaw. In the deterministic calculation two kinds of flaw shapes in Table 2 were focused. The FCG rate of JSME rules for fitness-for-service (JSME, 2012) was used. The rate is the upper bound of the two times of standard deviation from the average of the test data. This means the rate is 2.7 times larger than the average rate. In the benchmark analyses the proportional factor 1.61×10 -13 was used by dividing that of the JSME rules by 2.7 (Nomura, et al., 2004) . The equation is shown below.
(
Units: m/s, MPa m and °C e. K equation For ΔK calculation, Eq. (12) in the Appendix E-5.3 (2) a. of JSME rules for fitness-for-service (JSME, 2012) was used for non-linear stress distribution of a cylinder with a circumferentially semi-elliptical flaw on the inner surface. The coefficients G 0 to G 3 were linearly interpolated for a/t, a/l. f. Loading condition Pressure, thermal expansion and thermal gradient stresses along thickness were considered for stress components of the transient loads. Three types of thermal and pressure transients were assumed as shown in Table 3 . These are hypothetical conditions based on the design transients which largely affect fatigue crack growth. The stress components except the pipe global bending stress  bg and pressure p operating on the cracked surface were calculated from the equations along thickness direction and the contributions of the components  bg and p were directly considered by input on the K equation. 
Here, x (mm) is the distance from the inner surface and t is 70mm.
The minimum state of the transient stress corresponded to σ min =0 and  bg =p=0. The order of the transient was the number of 1 to 3. Concretely one cycle of Transient #1, one cycle of Transient #2 followed by 625 cycles of Transient #3 was treated as one batch that was repeated 160 times. The FCG calculation was terminated at a/t=0.8. The model geometry for fracture analysis is the same as for FCG analysis. b. Initial flaw shape A circumferentially inner part-through wall flaw was assumed as an initial flaw for FCG calculation. In the deterministic calculation two kinds of flaw shapes in Table 4 were focused. c. Temperature and environment
Temperature and environment conditions were the same as FCG analysis. d. Material properties Material properties of SCS14A of JSME rules for fitness-for-service 2013addenda were referred as shown in Table  5 . e. J-equation
Reference stress method was employed for a simplified calculation of J. The used equations are shown below. (°C) (6) is calculated by the equation of the JSME rules for fitness-for-service. The equation is for nonlinear stress distribution of a cylinder with a circumferentially semielliptical inner surface flaw and coefficients G 0 and G bg for linear stress terms were considered. f. Loading condition For loading condition, pressure 15.4MPa as a fixed value and bending stress as a parameter were applied. The membrane stress 42.4 MPa induced by pressure was calculated by Eq. (12).
Similar to FCG analysis, pressure on the cracked surface was considered for the effect on K equation. On the other hand, the effect was neglected for plastic collapse analysis because the effect is small. g. Evaluation method (a) Limit load method According to Eqs. (1) and (2) for limit load analysis of Appendix E-8 of the JSME rules for fitness-for-service (JSME, 2012), allowable bending stress P b ' and neutral axis β were calculated. Flow stress σ f was used for normalizing stress and elastic cross section πR For drawing FAC, J has to be calculated. Equations (5)- (11) were employed to calculate J in Eq. (2) of Appendix E-10 of JSME rules and K equation for a parameter of Two parameters method was also referred to that of Appendix E-5 of JSME rules. The effect of pressure on the cracked surface was considered. The other parameter S r =M/M 0 was calculated by using Eqs. (9) and (10) for M 0 . DCGL is a relation between K r ' and S r '. K r ' is defined by and J e is converted from K, which was also calculated by the same equation for K r with a consideration of pressure's effect. S r ' is the same equation as S r . Ductile crack initiation analysis according to two parameters method calculated the moment at J exceeding J Ic . Some participants performed crack instability analysis using two parameters method and J-T criterion as an option. Ductile crack extension was assumed only in the thickness direction and terminated at a/t=0.75. The fracture analysis cases are shown in Table 6 . Figure 1 shows the calculation flow of the PFM analysis. The dashed line box is to be incorporated in the code in future. 
Probabilistic problem (1) Calculation flow

(2) Fatigue crack growth (FCG) analysis
Model geometry, mean curve of FCG rate, K equation and the loading condition were the same as those of the deterministic analyses. This is Case 3. a. Probabilistic distribution variables
The input variables for PFM analyses are shown in Table 7 . The distribution functions and their parameters were based on those given by Harris et al. (1981) . b. Sampling number This depended on the participants. c. Output
Time history of probability that the crack depth reached 0.75t was obtained for 40 years. 
Limit load，Two parameters and J-T Initial flaw distribution (flaw depth, aspect ratio)
Initial flaw distribution (3) Fracture analysis
Model geometry and J equation were the same as the deterministic analysis. The case is Case 4. a. Probabilistic distribution variables Table 8 shows the probabilistic variables for fracture analysis. The flaw shape and the averages of the material constants were based on Harris et al. (1981) and JSME rules (JSME, 2012), respectively. 
(4) Coupled analysis of FCG and fracture
Model geometry, average FCG rate, K and J equations were the same as the deterministic analyses. a. Probabilistic distribution variables These were the same as Tables 6 and 7 . b. Loading condition
The stress for FCG analysis was the same as Table 2 , and bending stress σ b =250.5 MPa was applied for fracture analysis. The analysis case is Case 5. c. Output
Outputs are as follows;
 Penetration (or leak) probability at a/t=0.75 in 40 years operation  Failure probability before penetration at a/t=0.75 in 40 years operation d. Others
The random numbers for the material constants at the generated flaw had to be kept the same during the FCG analysis.
The analysis cases are summarized in Table 9 . Table 10 shows the predicted penetration (leak) year of Case 1-1 and 1-2. The calculation results of participants agree within three digits. (2)Fracture analysis Table 11 and Fig. 2 show the fracture analysis results by limit load, two parameters and J-T criterion methods. The results of each method agreed very well. Also ductile instability stresses by two parameters and J-T criterion are identical. This means that both methods are equivalent. Further these results show that the fracture stress in Case 2-2 with a larger flaw size is smaller than that in Case 2-1, the fracture stress by limit load method is larger than that by two parameters or J-T criterion, and the crack initiation stress is smaller than the instability stress. Those qualitative relations are reasonable. From the results above, the FCG and fracture analysis functions of each code were verified from the deterministic aspect. Figure 3 shows the leak probability time history by the probabilistic FCG analysis. The results of the participants agreed within two digits in this case. (2) Fracture analysis Table 12 shows failure probability in 40 years operation for Case 4. The solutions from the participants agree well with good accuracy. The failure probability by limit load analysis is the lowest in three fracture modes. The second one is the probability of ductile instability and the largest one is that of ductile initiation. This tendency is the same as in the deterministic case. The probabilities of ductile instability due to two parameters and J-T criterion methods performed by two participants show exact coincidence. 1.E-06
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3．Discussion
In Case 5-1 the failure probability by limit load method was divided into two groups. In order to investigate the reason of this discrepancy, additional analyses were performed by increasing the bending moment σ b to 550 MPa and the change of failure probability was observed. These are the series of Case 6. The cases are shown in Table 13 . 
The results are shown in Fig. 8-11 . In Case 6-2 (Fig. 9 ) the leak probabilities of the participants A and F are zero and that of E is the order of 10 -9 after 40 years, while that of the participant D is the order of 10 -2 . In Case 6-3 ( Fig. 10) and Case 6-4 (Fig. 11 ) the leak probabilities of participant F are zero and those of E are also very small, the order of 10 -10 for 40 years. From the result of Case 6-1 (Fig. 8) , the discrepancy between two groups becomes more obvious. A detailed investigation about the failure criterion of each participant revealed that the participants B, C, D and F kept the flaw shape semi-elliptical through the calculation, on the other hand, the participants A and E changed it to a though-wall flaw when the semi-elliptical flaw reached the depth of 0.75t. Then the participant A and E reanalyzed Case 5-1 and Case 6-1with the same condition of the flaw shape as the other group. These are Case 7-1 and 7-2. As shown in Fig. 12 and Fig. 13 , the agreement of results of the participants with those of the other participants is improved. This can explain that the condition of the flaw shape of Case 5-1 or Case 6-1 after reaching the depth of 0.75t makes a flaw easier to fail comparing with the case retaining of semi-elliptical flaw shape. Ks of Case 7-1 and Case 7-2 became smaller than Case 5-1 and Case 6-1 and flaws had more chances to leak. This will increase leak probability. This condition was not described at the beginning of the benchmark analysis and the participants utilized the function of their own code. In the case of the PFM analysis possibility of one order change of the solution exists depending on the condition setting, while solutions by deterministic analysis made no difference. Attention to setting analysis conditions of the PFM problem is more important than the deterministic problems.
1.E-01 Leak and crack initiation probability change by two parameters method (Case 6-2)
1.E-10
Conclusion
CASS pipe has low margin of flaw acceptance because of low detectability of UT from micro-structure of the material. The ASME code case N-838 has been approved for the purpose of license renewal and PD certification. The target flaw size of the code case was determined by the PFM method. In order to introduce the similar procedure into Japan, the verification of the PFM code was planned. The benchmark analysis was proposed and performed by participation of six organizations. The benchmark analysis problems consisted of deterministic part and probabilistic part, and FCG, plastic collapse, ductile initiation and instability were considered as the fracture modes. As a result, in the most of the cases very good agreements among the participants were obtained even in low probability with the order of 10 -7 . Some cases showed one order discrepancy of the obtained probabilities among the participants. The investigation revealed the difference of treatment of flaw shape at 0.75t which was a critical depth for penetration. Further research will continue to incorporate the thermal aging prediction models for stress-strain curve and J-R curve to establish the target flaw size in fully thermal aging condition of CASS.
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